A major high molecular weight protein (HMP) in the cytoskeletal fraction from pea has been puri®ed. A combination of chromatographic techniques and protease fragment analysis also facilitated the isolation of the encoding cDNA, disclosing the sequence of the complete open reading frame. The protein possesses four complete N-terminal Staphylococcal nuclease (SNc) domains, a central Tudor domain and a partial SNc domain at the C-terminus, which may act as a coiled-coil cytoskeleton interaction motif. Cell fractionation studies showed that the protein was abundant in the cytoskeleton fraction in darkgrown pea seedlings, but essentially was absent from the nucleus. Gel ®ltration column chromatography indicated that the native protein exists as a dimer, while isoelectric focusing suggested that there were at least four HMP isotypes. The protein coeluted with ribosomes from a heparin af®nity column in vitro, consistent with ribosome/polysome interactions in vivo. Signi®cantly, sequence analysis of the C-terminal SNc motif may accurately predict nuclear versus cytoplasmic localization resulting in potentially very different functional roles for this protein family in different organisms. An antibody to HMP from peas was also raised and an HMP with a similar molecular mass was detected in the cytoskeleton fractions and to a lesser extent in the nuclear fraction (250 g pellet) from rice and wheat seedlings.
Introduction
The cytoskeleton exerts multiple functions in plant cells including the targeting, tethering, transport, and translation of mRNA (Davies et al., 1996 (Davies et al., , 1998 . In previous work, various proteins present in the cytoskeleton fraction were isolated and identi®ed and attention was focused on those likely to be involved in ribosome and mRNA localization. Techniques were developed for isolating the cytoskeleton±membrane±polysome complex in reasonably pure form, then removing the membranes with non-ionic detergents, depolymerizing the cytoskeleton, removing the polysomes by ultra-centrifugation, and analysing the released (putative cytoskeleton) proteins (Abe et al., 1992 Ito et al., 1994; . More than 15 distinct proteins in the cytoskeleton fraction have been described , one of which migrated as a 110 kDa protein in SDS-PAGE (Abe and Davies, 1991; Abe et al., 1992; Ito et al., 1994) . Solubilized cytoskeleton proteins re-aggregate when applied to columns, but this is prevented by heparin (Shibata et al., 1999) , and so heparin af®nity column chromatography was developed for their initial separation. Using this technique, it was shown that this 110 kDa protein (HMP) eluted from the column at about 390 mM KOAc and was one of the major proteins found in the cytoskeleton fraction in dark-grown pea seedlings (Shibata et al., 1999) . The HMP was then identi®ed as a cytoskeleton-bound Tudor protein having multiple SNc domains (DDBJ/EMBL/ GenBank Accession No. AB055904). A similar, 120 kDa Tudor protein with four SNc domains has been identi®ed in developing rice endosperm cells (SamiSubbu et al., 2001) and was thought to be homologous to the 100 kDa human Tudor protein. The 120 kDa Tudor protein from rice has high af®nity to RNA and possesses a coiled-coil motif, which may bind to the cytoskeleton (Sami-Subbu et al., 2001) . Information also exists in databases on genomic fragments encoding similar proteins in Arabidopsis thaliana (CAB87924, BAB10078), but the function and subcellular localization have not yet been identi®ed experimentally.
The Staphylococcal nuclease (SNc) domain is present in many eukaryotic proteins and has been implicated in binding to RNA or single-stranded DNA (Tong et al., 1995) , but these SNc domains in p100 lack the nucleolytic active site residues of Staphylococcal nuclease (Keefe et al., 1993 (Keefe et al., , 1994 . In Drosophila and other species, there are several SNc domain proteins, which also possess a distinct region called a Tudor domain, whose exact function is unknown, but which can bind RNA and, in some cases, DNA (Ponting, 1997) . A unique 100 kDa Tudor domain protein containing four SNc domains has been found to be associated with infection by the Epstein Barr virus in humans (Tong et al., 1995) and a pathogenic fungus in mouse (Porta et al., 1999) , and was originally thought to function as a transcription co-factor associated with pathogenic invasion. Recently, however, expression of the human p100 has been reported in mammary gland cells (Broadhurst and Wheeler, 2001) , and thus the protein seems to have a function in normal cells. This group of apparently distinct 100±120 kDa Tudor proteins with four SNc domains is of special interest, in part, because their high degree of conservation implies an essential, indispensable role in the function of normal cells.
In the present study, a 110 kDa protein (HMP) from the cytoskeleton of pea stem cells was isolated and puri®ed using a heparin af®nity column followed by gel ®ltration, and its partial amino acid sequence analysed. The cDNA encoding HMP was cloned to determine its complete nucleotide and amino acid sequence and protein structure. It is shown that HMP is a Tudor domain protein with ®ve SNc domains. In plants (pea, rice, wheat), the majority of this Tudor protein is present in the cytoskeleton fraction and very little is in the nucleus, which strongly implies that it is not functioning solely as a transcriptional cofactor in plants, as it appears to be in animals. Finally, the phylogenetic relationships between homologues from a broad range of eukaryotes have been analysed that show distinct plant, mammalian, and fungal counterparts.
Materials and methods
Plant material and fractionation Pea (Pisum sativum L. var. Alaska) plants were grown in the dark for 5 d at 20±24°C and the apical 10 mm of the ®rst internode harvested. Tissue was ground with a mortar and pestle in 7 vols of a specially designed cytoskeleton-stabilizing buffer (CSB) consisting of 5 mM HEPES-KOH (pH 7.5), 10 mM Mg(OAc) 2 , 2 mM EGTA, and 1 mM PMSF with the addition of 0.5% polyoxyethylene-10-tridecyl ether (PTE). The homogenate was ®ltered through two layers of Miracloth (Calbiochem), centrifuged at 250 g for 5 min to remove nuclei and wall debris, the pellet generally discarded, and the supernatant centrifuged at 27 000 g to furnish the cytoskeleton pellet [1, 4] . The cytoskeleton pellet was resuspended in cytoskeleton-depolymerizing buffer (CDB) consisting of 200 mM TRIS-HCl (pH 8.5), 450 mM KOAc, 25 mM Mg(OAc) 2 , 2% PTE, and 0.5 mM ATP using a te¯on homogenizer, and centrifuged at 27 000 g for 15 min to remove undissolved materials . The supernatant was centrifuged at 300 000 g for 1 h (L8-60M, Beckman; rotor 50.2 Ti) to remove ribosomes leaving behind the solubilized cytoskeletonassociated proteins.
Puri®cation of HMP using column chromatography Puri®cation of HMP by heparin af®nity column chromatography was performed as described previously (Shibata et al., 1999) . Extracted proteins from various fractions were ®ltered through a 0.45 mm membrane (DISMIC-25cs, Toyo Roshi), diluted with 3 vols of dH 2 O, and applied immediately to a heparin af®nity column (HiTrap Heparin, 1 ml bed volume, Amersham Pharmacia Biotech). The column was washed with 10 vols of CSB containing 0.15 M KOAc, eluted with a gradient of 0.15±1.0 M KOAc in CSB with the SMART System (Amersham Pharmacia Biotech), and washed with 10 vols 3 mg ml ±1 heparin sodium salt in 5 mM HEPES-KOH (pH 7.5). Since the¯ow cell in the SMART SYSTEM tended to clog, the absorbance of an aliquot of each 300 ml gradient fraction was measured at 260, 280, and 320 nm using a spectrophotometer (DU-65, Beckmann). Fractions containing HMP were pooled, frozen in liquid N 2 and stored at ±85°C. A gel ®ltration column (Superose, Amersham Pharmacia Biotech) was equilibrated with a buffer consisting of 400 mM KOAc, 5 mM HEPES-KOH (pH 7.5), 10 mM Mg(OAc) 2 , and 2 mM EGTA using the SMART System (Amersham Pharmacia Biotech). Then an 80 ml aliquot of stored HMP was injected, the column was eluted at a¯ow rate of 100 ml min ±1 with the same buffer used in the equilibration, and the absorbance was continuously monitored at 260, 280, and 320 nm using a¯ow cell with 5 mm light path in the SMART SYSTEM, and 80 ml fractions were collected.
SDS-PAGE and 2D-PAGE
For SDS-PAGE, proteins were precipitated overnight with 4 vols of acetone and dissolved in a sample buffer containing 2% LDS and 0.01 M TRIS-HCl (pH 6.8), 20% glycerol, 1% b-mercaptoethanol, 0.01% BPB, heated at 95°C for 5 min, and then separated by electrophoresis. For 2D-PAGE, the acetone precipitate (above) was washed successively with 80% and 100% acetone, dissolved in 8 M urea, 0.5% NP-40, 2% b-mercaptoethanol, 0.8% Pharmalyte â 4±7
for IEF (Amersham Pharmacia Biotech), and 0.01% BPB, and applied onto a drystrip gel (pI 4±7, Amersham Pharmacia Biotech) equilibrated with 8 M urea, 0.5% Triton-X100, 10 mM DTT, 2 mM acetic acid, and 0.01 mg ml ±1 orange G and subject to IEF at 32 500 V h ±1 using a Multiphor II 2D-Electrophoresis System (Amersham Pharmacia Biotech). The strip was immersed in 6 M urea, 0.05 M TRIS-HCl (pH 6.8), 30% glycerol, 1% SDS, and 16 mM DTT for 10 min, followed by 6 M urea, 0.05 M TRIS-HCl (pH 6.8), 30% glycerol, 1% SDS, and 0.01% BPB for 10 min, both with gentle shaking. The strip was then placed onto a separating slab gel for SDS-PAGE, electrophoresed in the second dimension, and proteins detected by staining with Brilliant Blue R250.
Determination of partial amino acid sequences of HMP digested by V8 protease The heparin af®nity column fractions (Nos 20±30, Fig. 1B ) or gel ®ltration column fractions (Nos 9±10, Fig. 2B ) containing HMP were pooled and separated by SDS±PAGE. Bands of HMP stained with Brilliant Blue R-250 were cut out, loaded on a stacking gel, and the protein was digested with Staphylococcus aureus V8 protease (EC 3.4.21.19 ) as described by Cleveland et al. (1977) . The digested polypeptides were separated on 15% acrylamide gels using SDS± PAGE and electroblotted onto a PVDF membrane (Immobilon-P, Millipore). The transferred peptides were detected by staining with Brilliant Blue R250, the peptide bands were then excised and sequenced using a protein sequencer (Model 476A, Perkin Elmer Applied Biosystems Division).
Isolation of intact HMP cDNA Total RNA was isolated from similar tisssue to that described in Plant materials and fractionation, according to a method described earlier , and mRNA was obtained by using an mRNA puri®cation kit (Amersham Pharmacia biotech) from the total RNA was used for synthesizing cDNA. To generate a fragment of cDNA encoding HMP using PCR, the forward primer, 5¢-AGAGATGTTCGCATTGTTCTTGA-3¢ encoding fragment V8-5 and the reverse primer, 3¢-TACCTAAAACCGAGTCACAA-5¢ encoding fragment CNBr2 were employed. The fragment obtained was subcloned in pMOSBlue vecter using pMOSBlue vector blunt- Fig. 1 . Isolation and puri®cation of HMP from the cytoskeleton fraction. Pea stem tissue was homogenized in CSB, separated into different fractions by centrifugation and either analysed directly, or resuspended in CDB and recentrifuged prior to separation of proteins on SDS-PAGE. (A) Tissue was homogenized in CSB to furnish a total homogenate (lane a), which was centrifuged at 250 g for 5 min to yield a nuclear pellet (lane b) and a supernatant (lane c). The 250 g supernatant was then centrifuged at 27 000 g to yield a supernatant (lane d) and the cytoskeleton pellet. This pellet was homogenized in CDB and recentrifuged at 27 000 g to furnish a pellet (discarded) and a supernatant (lane e) which was recentrifuged at 300 000 g for 1 h, to furnish a supernatant containing the solubilized cytoskeleton proteins (lane f) and a ribosomal pellet (see (Shibata et al., 1999) are indicated by arrows. ended cloning kit (Amersham Pharmacia Biotech) and sequenced. cDNA for 3¢ RACE was synthesized using a tagged oligo-dT primer 5¢-AAGAATTCTCGAGCTCCAGAA-T25-3¢. 3¢ RACE was performed with a forward primer 5¢-GTCCAGTTGATGCAGCTGGA-3¢ made on the sequence obtained and the reverse primer made on the tagged oligo-dT primer 5¢-AAGAATTCTCGAGCTCCAG-3¢ for ampli®cation of the 3¢ region, a fragment of 1825 bp, subcloned, sequenced, and shown to be 2343 bp (No. AB055904). cDNA was synthesized by MMLV reverse transcriptase (ReverTra Ace, Toyobo, Japan) with a reverse primer, 3¢-TCGACGAGGATTG-CCCATTT-5¢, the blunt-ended second strand was synthesized using simultaneous inclusion of DNA polymerase I (9 U ml ±1 ), E. coli DNA ligase (6 U ml ±1 , Takara, Japan), and T4 DNA polymerase (9 U ml ±1 ) in the presence of RNase H (1 U ml ±1 ) in a reaction buffer composed of 33.4 mM TRIS-HCl (pH 8.5), 4.6 mM MgCl 2 , 10 mM (NH 4 ) 2 SO 4 , 6.6 mM b-mercaptoethanol, 0.06 mM EDTA, 0.005% BSA, 100 mM KCl, 0.15 mM b-NAD, and ligated to an adaptor consisting of complementary oligo DNA, 5¢-GTAATACGACTCACTATAGGG-CACGCGTGGTCGACGGCCCGGGCTGGT-3¢ and 3¢-GGGCCC-GACCA-5¢, using 4 U ml ±1 T4 DNA ligase. T4 DNA ligase, DNA . Absorbance at 280 nm (solid line) is shown to the left. Numbers (1±20) correspond to fractions collected, and the numbers below the abscissa correspond to volume (ml) and time (min) after injection. The¯ow rate was 100 ml min ±1 and each fraction was 80 ml. (B) The post-ribosomal supernatant containing primarily cytoskeleton proteins (Fig. 1A , lane f) was applied to a heparin af®nity column, fractions 9±13 (Fig. 1B) were pooled, applied to the S12 superose column and monitored at 260 (dotted line) and 280 nm (solid line). The void volume and HMP peaks are shown. (C) Protein from the cytoskeleton pellet resuspended in CDB, but not centrifuged to remove ribosomes (Fig. 1A , lane e), was applied to a similar column and monitored in the same way. polymerase I, and RNase H were obtained from Toyobo, Japan. Using this ligated product, 5¢ RACE was performed with a primer which annealed to the adaptor, 5¢-GTAATACGACTCACTATAG-GGC-3¢, and a gene speci®c reverse primer made on the sequence in AB055904, 3¢-CCTCAACCAACTTGCCAGTT-5¢.
Results
Isolation and puri®cation of HMP from the cytoskeleton fraction Pea epicotyl tissue was homogenized in cytoskeletonstabilizing buffer (CSB), ®ltered through Miracloth, and centrifuged to furnish the crude nuclear (250 g) pellet and the crude cytoskeleton (27 000 g) pellet. The cytoskeleton was resuspended in cytoskeleton-depolymerizing buffer (CDB), and centrifuged at 27 000 g to furnish a supernatant containing polysomes and solubilized cytoskeleton proteins, and the supernatant was further centrifuged at 300 000 g to furnish the polysome pellet and the released (cytoskeleton) proteins. Proteins in these subcellular fractions were separated by SDS-PAGE, stained with Brilliant Blue R250, and shown in Fig. 1A .
In the 27 000 g pellet (cytoskeleton, Fig. 1A , lane e), there was a signi®cant amount of a 110 kDa protein (HMP, indicated by the arrow) compared with the total homogenate (lane a) and the 250 g supernatant (lane c) or the 27 000 g supernatant (lane d). Virtually no Brilliant bluestained band that corresponded to HMP was present in the nuclear pellet (lane b), while nuclear histones were abundant (asterisks in lane b), indicating this fraction was highly enriched for nuclei. After removing the ribosomes from the solubilized cytoskeleton pellet by centrifuging at 300 000 g for 1 h, HMP remained in the supernatant (lane f).
The 300 000 g supernatant of the cytoskeleton fraction depolymerized in CDB (Fig. 1A , lane f) was diluted with water and applied to a heparin af®nity column equilibrated with 150 mM KOAc in CSB. After washing the column with 10 vols of 150 mM KOAc in CSB, proteins were eluted by a linear gradient of 0.15 M to 1 M KOAc in CSB, monitored at 260 nm and 280 nm, fractions were collected (Fig. 1B) , and each of these 30 fractions was analysed by SDS-PAGE to determine their protein pattern (Fig. 1C) . HMP was eluted at 380±420 mM KOAc (Fig. 1B, C , lanes 9±13), while a 49 kDa protein (apyrase) was eluted at about 640 mM KOAc (Fig. 1C, lanes 18±22 ), as previously reported (Shibata et al., 1999) . Another RNA-interacting protein, RSP (ribosome-sedimenting protein) was in lanes 20±23 and another protein, LMP (low molecular weight protein), was in lanes 19±24 (Fig. 1C) .
Since the HMP isolated here contained small amounts of other proteins (Fig. 1C, lanes 9±13 ) and large amounts of 260 nm absorbing materials (Fig. 1B, fractions 9±13) , it was puri®ed further by gel ®ltration using an S12 superose column (Amersham Pharmacia Biotech), and its elution position compared with those of standard proteins (Fig. 2A) . The 280 nm absorbance pro®le for the 300 000 g supernatant shows a major peak at fraction 9±10, corresponding to a size of 220 kDa, and a minor peak in the void volume at 2000 kDa and a very small hump at about 100 kDa (Fig. 2B) . The pro®le for the total 27 000 g (cytoskeleton) pellet (i.e. the solubilized cytoskeleton proteins along with the retained ribosomes) shows a much bigger peak in the void volume and a smaller one at fraction 9±10 (Fig. 2C) , while the corresponding A260 pro®le (indicating the presence of nucleic acids) shows even greater absorbance in the void volume peak and even less in the fraction 9±10 peak. This void volume fraction contained ribosomal proteins and ribosomal RNA (data not shown).
The peak fractions (Fig. 2B , fractions 9±10) containing 5 mg protein (overloaded to detect impurities) were subjected to SDS-PAGE, stained with Brilliant Blue R250, and the results shown in Fig. 3 . A major band of 110 kDa HMP along with a few minor bands were observed in the gel ®ltrate (Fig. 3 , lane`GF'). The protein pattern of the void volume from the cytoskeleton-ribosome fraction (Fig. 2C ) was also analysed (Fig. 3B , lane`Vd') and compared with puri®ed ribosomes (Fig. 3B , lane`Rb'). Since these patterns are almost identical, it would appear that HMP associates with ribosomes or ribosomal proteins. When a sample identical to that analysed by 1D-PAGE (Fig. 3A , lane`GF') was analysed by 2D-PAGE, at least four isotypes with pIs of 6.04, 6.13, 6.24, and 6.34 were seen (Fig. 3C) .
Analysis of partial amino acid sequences of proteolytic fragments of HMP When puri®ed HMP (Fig. 3A, C) was desalted for further analysis, it became highly aggregated in dilute buffers. Accordingly, the HMP puri®ed by gel ®ltration was separated by SDS±PAGE and the band corresponding to HMP was excised and subjected to digestion by V8 protease for varying times, to get variously sized fragments (Cleveland et al., 1977) and by CNBr using 10 mg ml ±1 cyanogen bromide in 70% formic acid (Jahnen-Dechent and Simpson, 1990). After digestion, SDS±PAGE was performed to separate the peptide fragments, which were then transferred onto a PVDF membrane, stained with Brilliant Blue R-250, and sequenced. Five major V8 fragments were obtained, which were subjected to partial amino acid sequence analysis at their N-termini and these sequences presented in Table 1 . Based upon these sequences, degenerate primers were used to probe a pea cDNA library to obtain cDNA fragments encoding these amino acid sequences.
Cloning of cDNA encoding HMP, and the complete primary structure of HMP Initially, a cDNA corresponding to fragment V8-6 and downstream sequences was obtained, which encoded 700 amino acids from the C-terminus, and this was submitted Isolation and puri®cation of a Tudor protein with multiple SNc domains 975 (DDBJ/EMBL/GenBank AB055904). RACE-PCR was then performed to clone the 5¢ upstream region (nt 1± 1065: DDBJ/EMBL/GenBank AB078602), which was contiguous with AB055904 (nt 1066±3379), and is shown in Fig. 4 . The complete sequence encoding the partial sequence of V8-5 fragment was recovered at the junction (MRVLN) of these two clones. The total length of the combined cDNA was 3379 nt and it encoded a polypeptide of 989 amino acids, starting at nt 195 and ending at nt 3164 (DDBJ/EMBL/GenBank AB078603), with a molecular weight of over 108 kDa and a calculated pI of 7.13. All of the proteolytic fragments presented in Table 1 were found in this encoded polypeptide (underlined regions). The encoded polypeptide was composed of four SNc domains (shaded) preceding a Tudor domain (shaded region with bold letters), with an additional (partial) SNc domain (shaded) downstream from the Tudor domain. A search of the non-redundant database showed only one other identi®ed plant protein, which was isolated from rice endosperm by Sami-Subbu et al, (2001) . Additionally, the Arabidopsis genomic project putatively identi®ed apparent homologues of human p100, and several animal proteins with similarity to HMP were found.
Since so little is known about these proteins, especially in plants, it was decided to do a comparative study of most of those that could be found and the results are summarized in Fig. 5 , which shows the domain structures of 4SNc-Tudor proteins from pea (Psat) BAB32793; Arabidopsis (Athal) CAB87924; rice (Osat); Ajellomyces capsulatus (Acap) CAA06786; Aspergillus fumigatus (Afum), TIGR_5085; Candida albicans (Calb), SDSTC_5476; a ®ssion yeast, Schizosaccharomyces pombe (Spom), CAB39904; mouse (Mmus) AAH07126; rat (Rnor) AAB41439; human (Hsap) AAA80488; chicken (Ggal) AAL27548;¯y (Dmel) AAF47366; nematode (Cele) AAA81130. All of these proteins possessed 4 SNc domains in sequence followed by the Tudor domain (Fig. 5) . It was noted that the chicken orthologue was incomplete at the 5¢ end, since no initiation codon was evident, thus the ®rst SNc domain was absent. A ®fth, SNc domain downstream (dSNc) from the Tudor domain was found in all proteins except the one from ®ssion yeast, S. pombe. This does not seem to be the result of incomplete sequencing, since the genomic sequence contains the Fig. 3 . Analysis of fractions obtained from gel ®ltration by SDS-PAGE. (A) HMP-containing fractions from gel ®ltration were subjected to SDS-PAGE and stained with Brilliant Blue R250. Lanes correspond to: GF, 5 mg protein from gel ®ltration (Fig. 2B, 9±10) ; HM, high molecular mass markers. (B) Fractions from the void volume from the cytoskeleton±ribosome sample (Fig. 2C ) and a ribosomal pellet were analysed similarly. Lanes are: Vd, void fraction of Fig. 2C ; Rb, 300 000 g ribosomal pellet; LM, low molecular mass markers, 66 kDa, 45 kDa, 36 kDa, 29 kDa, 24 kDa, 20.1 kDa, and 14.2 kDa. (C) HMP puri®ed by gel ®ltration (GF: A) was subjected to 2D-PAGE and stained with Brilliant Blue. Spots corresponding to the 110 kDa HMP are shown, and their pI values are: 1, 6.04; 2, 6.13; 3, 6.24; 4, 6.34. Fig. 4 . Nucleotide sequence of the full length mRNA, the encoded amino acid sequence, the domain structure, and peptide map of HMP. Puri®ed HMP (Fig. 3 ) was subject to V8 protease and CNBr digestion, partial amino acid sequences obtained and used to synthesize degenerate primers in order to amplify a pea cDNA encoding HMP. 5¢-RACE was used to con®rm the 5¢ sequence. The nucleotide sequence of this full-length cDNA is shown in lower case characters, and the encoded amino acid sequence is shown in capitals. Numerals at each end of the nucleotide row indicate nucleotide number, and the encoded amino acid number is italicized. The start codon (ATG) at base 195 and the ®rst methionine are boxed. The start codon conformed to the canonical initiation motif, ANNATGG. The Staphylococcal nuclease domains (SNc) in the N terminal region are shadowed and numbered 1 to 4, while the SNc downstream of (or included in) the Tudor domain is also shadowed and labelled`downstream'. The Tudor domain is shown in bold. The location of the peptide fragments obtained by V8 protease and CNBr digestion are underlined with fragment names as shown in Table 1. initiation codon, the apparent full ORF as well as some downstream 3¢ UTR and was described as complete by the authors (AL049498). Interestingly, another yeast (that forms pseudohyphae), Candida albicans did have this dSNc domain. In Tudor proteins from mammals (mouse, rat, human), this dSNc domain was also present, but severely truncated, while in plants (pea, Arabidopsis, rice) it was also somewhat truncated. Interestingly, in the Tudor proteins from widely diverse, non-mammalian animals (bird,¯y, and nematode), this dSNc domain was full length, and it overlapped with the Tudor domain. It is apparent that these 4SNc-Tudor proteins have a common arrangement of four SNc domains followed by a Tudor domain, but they differ markedly in their dSNc domains, and the latter seems to be characteristic of the phylogenetic class of the source organism. Based on the dSNc domain, ®ve classes can be described: those lacking the dSNc domain (®ssion yeast); those with a severely truncated version (mammals); those with a partially truncated version (plants), those with another partially truncated version (2 fungi and 1 yeast with pseudohyphae); and those with a full dSNc domain that overlaps the Tudor domain (non-mammalian animals).
Phylogenetic analysis of 4SNc-Tudor proteins between several classes of organisms A more detailed phylogenetic analysis of these 4SNc-Tudor proteins is given in Fig. 6 , where the amino acid identities and the similarities of proteins were compared: higher plants [pea, Arabidopsis (Athal1, 2), rice]; fungi [Ajellomyces capsulatus (Acap) Aspergillus fumigatus (Afum); Candida albicans (Calb); Schizosaccharomyces pombe (Spom)]; non-mammalian animals, a nematode (Cele),¯y (Dmel), bird (Ggal)]; and mammals, rat (Rnor), mouse (Mmus1, 2), and human (Hsap1, 2)]. The results in Fig. 6 comparing the identities/similarities of the entire SNc-Tudor proteins, show that vertebrate proteins form a distinct, closely related group (lower right) while higher plants form another distinct, but less closely related group (upper left), with fungi and invertebrates comprising an intermediate group.
The phylogenetic tree of HMP proteins from these divergent classes of organisms was consistent with that expected from the evolutionary distance between these species (Fig. 7) . Figure 7 also shows the interrelatedness of the ®ve classes of 4SNc-Tudor proteins as described in Fig. 5 : the mammalian (MM) type with a partial dSNc domain localized to the nucleus; the overlapping (OP) type in which the dSNc is full length and overlaps with the Tudor domain; the higher plant (HP) type with a partial dSNc and localized to the cyoskeleton; the fungal (FG) type with a partial dSNc, but distinct from both mammalian and higher plant types; and the ®ssion yeast (FY) type which totally lacks a dSNc domain.
Detection and subcellular distribution of proteins antigenic to pea HMP in rice and wheat In order to ®nd out if other plants contained a similar Tudor protein with similar subcellular distribution to HMP of peas, an antibody was generated to the chromatographically pure protein (Fig. 3A , lane GF) in rat, as previously described (Shibata et al., 2002) , and the data are shown in Fig. 8 . An antigenic protein of slightly larger mass than in pea (1) is present in rice (2) and wheat (3). It is most abundant in the cytoskeleton fraction (lanes 1c, 2c, 3c ) less so in the nuclei (lanes 1b, 2b, 3b) and least in the supernatant fraction (lanes 1d, 2d, 3d) . A single streptavidin-binding protein is present in rice (2) and in wheat (3), while two such proteins are present in pea (1).
Discussion
One of the proteins isolated from the pea cytoskeleton fraction was a high molecular weight protein (HMP) of 110 kDa (Abe et al., 1992) , which co-localized with the ribosome±cytoskeleton complex isolated by centrifugation . This protein (HMP) was isolated by heparin af®nity column chromatography and shown to bind heparin quite tightly, since it did not elute from the column until about 390 mM KOAc (Shibata et al., 1999) . Its partial primary amino acid sequence was reported and, for the ®rst time, the existence in plant cells of a Tudor protein with multiple SNc domains (Accession No. AB055904) was shown, while a somewhat similar protein has recently been isolated from the cytoskeleton fraction from rice endosperm (Sami-Subbu et al., 2001) . The Arabidopsis genomic project has identi®ed another putative Tudor protein (AL163912) based on the similarity of its domain structure to that of a human Tudor protein (p100).
In the present study, it has been shown that this Tudor domain protein from peas is abundant in the cytoskeleton fraction, but essentially absent from the nucleus (Fig. 1A) . This strongly implies that it is not a nuclear-localized transcription factor, as it appears to be in human tissue (Tong et al., 1995) , but is more likely to be involved in cytoskeleton-related events, including mRNA transport or translation . The rice endosperm protein was also localized to the cytoskeleton and it was thought to have a role in RNA transport (Sami-Subbu et al., 2001) . In this context, it is shown that HMP elutes from a heparin af®nity column in a major peak (Fig. 1B ) that absorbs at both 280 nm (protein) and 260 nm (nucleic acid) and co-elutes with ribosomes if they had not previously been removed by centrifugation (data not shown), thus implying that HMP may also bind to ribosomes, rRNA and/or ribosomal proteins. It was also found that ribosomal proteins were present in the void fraction of a superose column (Fig. 3B) and they co-eluted with HMP. It was previously reported that this protein co-localized with a ribosome±cytoskeleton±membrane complex separated on sucrose gradients , which also suggests that HMP has af®nity to ribosomes, at least in the presence of the low ionic strength buffer, CSB. However, under high ionic strength conditions, HMP dissociates from both ribosomes and the cytoskeleton (when separated by gel ®ltration column chromatography in the presence of at least 400 mM KOAc as seen in Fig. 2B, C) . After superose column chromatograpy, HMP elutes as a 220 kDa complex (Fig. 2B) , implying that it forms a dimer in vitro, and perhaps in vivo. Isoelectric focusing gels show that there are four major isotypes of HMP with pIs of 6. 04, 6.13, 6.24, and 6.34 (Fig. 3C) , with an almost constant pH difference of 0.09±0.11 between each isotype (Fig. 3) . This pattern of isotype may result from increasing extents of phosphorylation, as found with the elongation factor binding protein (eIF4E-BP1) in mammalian cells (Duncan and Song, 1999) .
The complete structure of HMP from peas was determined (Fig. 4) , and it was con®rmed that it has four SNc domains followed by a Tudor domain, which was called a 4SNc-Tudor protein, although it does also have a ®fth, incomplete downstream (dSNc) domain. The puri®ed protein yielded several fragments after hydrolysis by V8 protease or CNBr (Table 1) , and these fragments were all consistent with the parent protein being a 4SNc-Tudor domain protein (Fig. 4) . The Arabidopsis genomic project identi®ed two genes encoding two similar 4SNc-Tudor proteins and, based on comparisons with animal proteins, tentatively identi®ed these gene products (CAB87924, BAB10078) as transcription factors localized in the nucleus. However, experimental evidence is totally lacking for this assignment (Sato et al., 1998) . Sami-Subbu et al. (2001) reported that the rice 4SNc-Tudor protein is present in the cytoskeleton, but not in the nucleus of developing rice endosperm. When SNc domain proteins are present in nuclei, their most likely function is to bind single-stranded DNA or newly formed mRNA during transcription (Tong et al., 1995) . The human 4SNc-Tudor protein (p100) is localized primarily to the nucleus and was found to bind to acidic proteins, probably to provide protein±protein interactions for its function as a transcription co-factor (Tong et al., 1995) , whereas the plant homologue is cytoskeleton- bound, but may bind RNA (Sami-Subbu et al., 2001) . Recently, however, the 100 kDa 4SNc-Tudor protein in human has also been found in the endoplasmic reticulum (Broadhurst and Wheeler, 2001) , perhaps in association with polysomes on the RER. Alternatively, the 4SNc-Tudor protein might be involved in the shuttling of RNA (Schroder et al., 1986 (Schroder et al., , 1988 and/or ribosomes between the nucleus and the cytoplasm both in human and plant cells. In addition, a homologue to human EBNA2-activated transcription cofactor P100 has also been identi®ed in a pathogenic fungus, but the location of the encoded protein has not been experimentally determined (Porta et al., 1999) .
This 4SNc-Tudor protein has homologues in a diverse array of organisms including fungi, lower animals, vertebrates, and higher plants (Fig. 5) . The molecular mass of this class of 4SNc-Tudor proteins is about 100 kDa in humans and 110 kDa in plants, and the number of amino acids ranges from a high of 986±1050 (higher plants), 914± 926 (lower animals), 885±910 (mammals), 878±890 (fungi) to 714 (birds). As expected, these results (Figs 5, 6) show that 4SNc-Tudor proteins from pea, rice and Arabidopsis are very similar while homology between plant and animal 4SNc-Tudor proteins is far less. In human and mouse there were two almost identical sequences for 4SNc-Tudor proteins, but these appeared to be alleles (7q31.3), and only in Arabidopsis do there appear to be two totally distinct genes.
Despite the highly conserved overall domain structure (Fig. 5) , considerable variation exists between individual domains, especially the ®fth (downstream) SNc domain. In plants, this domain is incomplete and appears to form a coiled-coil structure, which enables it to bind to the cytoskeleton (Sami-Subbu et al., 2001) , whereas the human orthologue lacks this structure and the protein is localized to the nucleus (Tong et al., 1995) .
The downstream (dSNc) domain is totally absent (yeast), severely degenerate (mammals), partly truncated (higher plants) or complete but overlapping the Tudor domain (chicken,¯y, nematode). The dSNc domain in HMP is absent in a ®ssion yeast (Moreno et al., 1991) , Schizosaccharomyces pombe (Fig. 5) , but in budding yeast, Saccharomyces cerevisiae databases indicate HMP is totally absent, while another yeast (Candida albicans) that can form pseudohyphae (McGeady et al., 2002) , had a 4SNc-Tudor similar to the fungal type. Together, these data suggest that HMP may play a crucial role in`normal' cell division, ®ssion, and elongation, which is a cytoskeleton-dependent process, and not in cell budding. The Fig. 8 . Detection and distribution of proteins antigenic to pea HMP in rice and wheat in subcellular fractions. Dark-grown stem tissue from pea (1), rice (2) and wheat (3) was homogenized in CSB with a mortar and pestle, and ®ltered through Miracloth to furnish a total homogenate (lane a), which was centrifuged at 250 g for 5 min to yield a nuclear pellet (lane b). The 250 g supernatant was centrifuged at 27 000 g for 15 min to yield a cytoskeleton pellet (lane c) and a 27 000 g supernatant (lane d). Each fraction was measured for protein content (Bradford, 1976) , adjusted to the same protein amount (10 mg), and analysed by immunoblot with antibodies to HMP from pea. HMP is indicated by the thick arrow. A streptavidin-binding protein (SBP) as described earlier (Abe et al., 1992) is indicated by the narrow arrow. HM represents high molecular mass markers.
phylogenetic tree (Fig. 7) , which does not emphasize the dSNc domain, shows that ancestral yeasts possessed the common (fungal) type of 4SNc-Tudor protein, while higher plants separated earlier from the remaining organisms than separation of animal, fungi, and yeasts. It is anticipated that a more detailed phylogeny of 4SNc-Tudor proteins may provide crucial insight into the evolution of fungi and yeasts. Finally, given the potential importance of the dSNc domain in determining intracellular localization, it is hypothesized that sequence divergence in this motif has profound functional signi®cance. Future studies will elucidate the role of this region on intracellular localization and function of 4 SNc-Tudor proteins.
Experimental evidence for peas, rice, and wheat (Fig. 8 ) indicates the primary location of 4SNc-Tudor protein is the cytoskeleton, but it is also present in nuclei. A protein antigenic to the 4SNc-Tudor protein in dark-grown wheat and rice seedlings was also detected (Fig. 8) . However, previous workers using an antibody raised against SDS± PAGE-puri®ed protein (Sami-Subbu et al., 2001) reported that the 4SNc-Tudor protein is present only in the endosperm of rice. A possible reason for why they failed to detect 4SNc-Tudor in other tissues is because they used SDS±PAGE-puri®ed proteins from rice to generate antibodies. By contrast, the antibody made against liquid chromatography puri®ed protein gave a high titre (1:6000 for 0.1 ng protein), and was strong enough to detect the protein in other plants. However, the much darker bands from pea (Fig. 8, panel 1 ) might not result from higher amounts of the corresponding antigen in that tissue, but of higher activity of the antibody to the protein from pea.
